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Abstract: Magnetic nanoparticles (MNPs) have a wide range of clinical applications for imaging, therapy, and biosensing.
Superparamagnetic MNPs can be directly visualized with high spatiotemporal resolution using the magnetic particle
imaging (MPI) modality. The image resolution of MPI depends on the relaxation properties of the MNPs. Therefore,
characterization of MNP response under alternating magnetic field excitation is necessary to predict MPI imaging
performance and develop optimized MNPs. Biosensing applications also make use of the change in the relaxation
response of MNPs after binding to a target agent.

As MNP relaxation properties change with temperature and

viscosity, noninvasive probing of these microenvironmental properties is possible. In this work, we present an untuned
relaxometer to measure the relaxation properties of the MNPs in a wide frequency and amplitude range. The developed
relaxometer can produce above 80 mTpp magnetic field at up to 60 kHz frequency, and above 14 mTpp at up to
150 kHz frequency. An asymmetrical three-section gradiometer receive coil is used to cancel the direct coupled signal
from the transmit coil. The position of one of the receive coil sections is manually tuned using a rotating knob for
improved decoupling. The tuning coil section has a lower number of turns compared to the other sections to decrease
the sensitivity to mechanical movement. By tuning the knob, the transmit-receive coupling can be decreased below
–80 dB. We analyzed the x-space image resolution, harmonic levels, and effect of the number of used harmonics on the
resolution for two different commercially available superparamagnetic iron oxide MNPs (Perimag and Synomag-D) in a
multifrequency/multiamplitude measurement scheme. The magnetization properties of MNPs for arbitrary waveforms
can be measured efficiently using the developed relaxometer.
Key words: Magnetic particle imaging, magnetic nanoparticles, magnetic particle relaxometer, biosensing, magnetic
nanoparticle spectrometer

1. Introduction
Superparamagnetic magnetic nanoparticles (MNPs) exhibit distinct properties that make them attractive in a
wide range of clinical applications [1]. They have been used as contrast agents in magnetic resonance imaging
(MRI) modifying both T1 and T2 contrasts [2]. MNPs can also be used in therapy; they can be heated by
an alternating magnetic field (AMF) for inducing hyperthermia, in which the tissue temperature is locally
increased [3]. At elevated temperatures, tumor cells are vulnerable, and therefore become more sensitive to
chemotherapy or radiotherapy. Controlled drug release is another application area that uses AMF heating
of MNPs [4]. The distribution of MNPs can be directly imaged using the magnetic particle imaging (MPI)
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method [5, 6]. MPI has opened new horizons for clinical use of the MNPs. Angiography, interventional radiology,
tumor imaging, cell tracking, diffusion imaging, temperature, and viscosity probing are some of the proposed
clinical applications of MPI [1, 5–13].
An MPI system uses an inhomogeneous magnetic field, in which there is a low field region (the field free
region, FFR) and a high field region. The MNPs inside the FFR can align their magnetization to an additional
magnetic field, while the MNPs outside this region are magnetically saturated. The additional magnetic field
is generally applied as a homogeneous time-varying field (called the drive field, DF) to the whole imaging field
of view (FOV). The response of the MNPs in the FFR is sensed generally using an inductive receive coil. By
scanning the FFR inside the FOV, the distribution of the MNPs can be reconstructed. The inhomogeneous
magnetic field is called the selection field (SF), since it selects the position where the MNPs are responsive.
The resolution of the MPI images depends on both magnetic field properties (gradient of the SF; amplitude
and frequency of the DF) and MNP magnetization properties. The magnetization vectors of the MNPs react to
an externally applied magnetic field by Néel and Brownian relaxation mechanisms. Néel relaxation is the change
of magnetization direction in the crystal structure of the MNP without physical rotation [14, 15], while Brownian
relaxation is the change of direction of the magnetization vector by the physical rotation of the MNP [16]. As
the relaxation time depends on MNP temperature and ambient viscosity, probing temperature and viscosity of
the microenvironment is possible by measuring relaxation response of the MNPs [9–12]. Molecular binding of
antibody-coated MNPs affects Brownian relaxation time, which can be used to detect specific targets such as
tumors, bacteria, and viruses [13].
Measurement of the magnetization response of MNPs to an applied DF is not only useful for characterizing the MNP signal (measuring the dependence of magnetic relaxation on the environmental conditions
and determining the received frequency spectra and MPI image resolution), but also for monitoring the MNP
synthesis process, as well [17]. Both narrowband single or multifrequency [17–22] and wideband [23] relaxometer/spectrometer systems have been proposed for the measurement of MNP relaxation properties for MPI.
These systems generally use a DF in a single direction and record the response of the MNPs to the applied
drive field. 2D and 3D relaxometers have also been proposed to emulate complex excitations for MPI [24, 25].
Narrowband relaxometer systems can have a large measurement volume capacity, but they require a matching
circuit to compensate for the large inductance of the transmit coil. On the other hand, wideband systems use
a transmit coil with a low inductance value, so there is no need for a matching circuit. Consequently, the effect
of arbitrary waveforms on the particle signal can be analyzed, and automated multifrequency/multiamplitude
measurements are possible in a small amount of time. In [23], a wideband relaxometer was presented, which
uses a two-section gradiometer receive coil to decouple the transmit coil signal from the MNP response. To
minimize the coupled signal, one of the gradiometer coils is mechanically moved with a high-precision shimming
mechanism.
In this study, we present a wideband relaxometer structure that can operate in the DC 200-kHz frequency
range. We use a three-section gradiometer receive coil, which can be tuned to decouple the transmit signal by
manually turning a cylindrical knob. The rotation of the knob moves the third (lower) coil section up and down.
The third section has a smaller number of turns than the other sections so that the sensitivity to knob rotation
is decreased. This allows for manual fine tuning without using precision instrumentation. We measured the
response of two types of MNPs, Perimag and Synomag-D (Micromod Partikeltechnologie GmbH, Germany),
for 3 mT, 5 mT, and 7 mT sinusoidal DF amplitude in the 1–149 kHz frequency range. We also analyzed the
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point spread function (PSF) for x-space MPI image reconstruction using a sinusoidal DF added to a triangular
pulse. Furthermore, we analyzed the effect of number of included harmonics on the PSF.

2. Methods
2.1. Transmit and receive coil design
The transmit (or drive) field is generated using an 18-turn single layer solenoidal coil with 27 mm length, 12 mm
diameter, and 1.2 mm thickness. A 200-strand ×71 µ m Litz wire (PACK Rupalit V155, Rudolf Pack GmbH
and Co., Germany) was used for the coil construction. The transmit coil generates 0.7 mT/A magnetic field in
the sensitive region. The magnetic field has 95% homogeneity within a 12 mm region along the coil axis. The
inductance of the coil was measured as 3.1 µ H at 1 kHz frequency with an E4980AL (Keysight Tech., USA)
LCR meter. The coil self-resonance frequency was above 1 MHz.
The receive coil consists of three 9 mm-diameter solenoidal single layer sections with 17, 20, and 5 turns
and 0.5 mm thickness. The 5-turn coil section is designed to move along the coil axis. The number of turns
of the moving coil is kept smaller than the other sections so that the sensitivity to movement is reduced, and
the decoupling can be finely adjusted. The middle section is sensitive to the magnetization of the MNPs, while
the top and bottom sections (winded in the reverse direction) are used to suppress the coupled transmit signal
(Figure 1). The receive coil has a maximum sensitivity of 1.7 mT/A. The sensitivity is halved at ±3 mm
distance from the middle coil center. The mechanical design of the relaxometer allows positioning of a 0.2 mL
PCR sample tube in the center region. Coil diameters are minimized to increase their sensitivity to the MNP
signal. The receive coil was produced using a PACK Rupalit V155 20-strand ×32 µ m Litz wire. The measured
receive coil inductance was 7 µ H, and the coil self-resonance frequency was above 1 MHz. The placement of
transmit and receive coils and the MNP sample tube are shown in Figure 1a.
2.2. Mechanical design
The mechanical housing was designed such that the bottom receive coil section can be moved up and down
manually using a turning knob with 18 mm diameter. The bottom receive coil section was wound on a movable
part housing a nut (Figures 1b and 1c). At the bottom side, a screw was the attached to a rotating knob. When
the knob is rotated, the rotation of the screw moves the nut and attached movable part (1.4 µ m per degree).
The bottom coil can be moved in a total range of 12 mm. The mechanical housing was produced using Delrin
material.
2.3. Relaxometer setup
The relaxometer measurement setup is shown in Figure 2a. The transmit signal is generated using a computer
controlled waveform generator (Keysight 33500B) and amplified using an AE Techron 7224 Power Amplifier
(AETechron Inc., USA). The MNP signal induced in the receiving coil is amplified with an SR 560 (Stanford
Research Systems, USA) preamplifier and digitized using an NI 6363 USB (National Instruments, USA) analogdigital converter (2 MS/s). A current probe (Keysight 1146B) and an oscilloscope (Keysight DSO1014A) are
used to monitor the transmit coil current. The maximum current value that can be applied to the transmit coil
at different frequencies was measured to determine the frequency-dependent amplitude limitations (Figure 2b).
In these measurements, we limited the current such that the maximum field does not exceed 80 mTpp.
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Figure 1. a) Transmit and receive coil geometry. The receive coil is designed as a gradiometer with three sections.
The winding directions of the coils are shown as silver arrows. The lowest section can be moved in the z-direction for
fine decoupling. b) Cross-section view of the relaxometer showing the moving coil section and the rotating knob. c)
Zoomed-in cross-section of the measurement chamber.
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Figure 2. a) Relaxometer measurement setup, b) peak-to-peak magnetic field amplitude limits of the relaxometer as a
function of frequency.

We measured the coupling between the transmit and receive coils at 25 kHz frequency and 1 mT drive
field amplitude as a function of rotating knob angle (10 measurements at each knob position). By adjusting the
knob angle, the coupling was decreased down to −95 dB compared to the case where only the middle receive
coil section is present (Figure 3a). Nevertheless, at this coupling level, the received signal was sensitive to the
vibration caused by the sample tube insertion and removal process. The coupled signal level was consistent
(not affected by sample placement) at the knob position for −83 dB coupling level.
2.4. MNP measurements
Two different MNPs, Perimag and Synomag-D (Micromod Partikeltechnologie GmbH, Germany) were measured
using the developed relaxometer. Perimag is a dextran-coated iron oxide MNP with 19 nm average core size
and 130 nm hydrodynamic diameter [26]. Synomag-D is a nanoflower shaped iron oxide core dextran-coated
nanoparticle [27]. We used 70 nm hydrodynamic sized Synomag-D particles in this study.
Two types of waveforms were used in the experiments. In the first one, a sinusoidal drive field waveform
was applied at 3 mT, 5 mT, and 7 mT amplitudes, and the frequency was swept between 1 kHz and 149 kHz in
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2 kHz steps automatically. A 40-loop sine wave was applied for each measurement and averaged 10 times. The
first and last five cycles were excluded, and the remaining 30 cycles were averaged. Before MNP measurements,
the coupled signal was measured and adjusted to a stable minimum value using the tuning knob. A background
measurement was taken before the MNP measurements and subtracted from the latter to obtain the MNP
magnetization response. The signal was transformed to the frequency domain using the f f t function of
MATLAB (MathWorks, USA) to analyze the harmonics of the MNP signal. The harmonics are a result of
the nonlinear magnetization curve of the MNPs. High harmonic levels indicate that the MNP has a sharp
saturation curve, suggesting high MPI resolution. Harmonic levels of Perimag and Synomag-D iron oxide
MNPs were compared as a function of drive frequency and amplitude. The received signal spectrum with and
without Perimag nanoparticles is given in Figure 3b for 5 mT drive field amplitude at 25 kHz frequency.
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Figure 3. a) Measured coupling as a function of rotation angle of the tuning knob. The error bars represent the
minimum and maximum values of 10 measurements. b) Received signal power as a function of frequency with and
without Perimag nanoparticles.

In the second waveform, a low amplitude sinusoidal signal was added on top of a high amplitude single
cycle 10 ms triangular wave (Figure 4a). This waveform was used to determine the PSF of the MNPs for x-space
MPI reconstruction. The received signal for this waveform is shown in Figure 4b. In the initial experiments, the
effect of the applied field amplitude on the full width at half maximum resolution (FWHM) was analyzed. A
25 kHz frequency and 5 mT peak amplitude drive field was added to a triangular wave with amplitude ranging
between 15 mT to 30 mT in 5 mT steps. Then the frequency of the drive field was swept between 1 kHz and
149 kHz in 2 kHz steps for 20 mT peak applied field level. The measurements were repeated for 3 mT, 5 mT,
and 7 mT sinusoidal drive field amplitude. Relatively small amplitude levels were used in the experiments for
the following reasons: First, the drive field amplitude is limited by peripheral nerve stimulation limits, which
was shown to be below 7 mT at 25 kHz frequency for a human torso [28]. Second, the resolution of MPI images
increases with decreasing drive field amplitude [29]. Using this waveform, we analyzed the effect of drive field
frequency and amplitude on the x-space image resolution. We also analyzed how the resolution changes as a
function of number of harmonics included in the reconstruction process.
In all measurements, a 20 µ L undiluted MNP sample was used. The received data were normalized by
the iron content of the samples. Measurements were made at room temperature.
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Figure 4. (a) Waveform used for the point spread function measurements. Sinusoidal drive field is added to a triangular
pulse. (b) Received signal for the sine added triangular waveform. The nanoparticles partially saturate in the high drive
field region, while the signal level is maximum around the zeros of the triangular pulse.

2.5. Received signal processing for MNP parameter extraction
The induced voltage in the receive coil due to the magnetization on MNPs can be written as follows [6]:
s(t) = −

d
dt

∫
Br (r) · M(r, t)dr,

(1)

V

where M(r, t) is the total magnetization of the MNPs inside the sensing volume V , and Br (r) is the receive
coil sensitivity in (T /A). The magnetization response of the MNPs is described by the Langevin function L[·]
and a relaxation term depending on particle, drive field, and environmental properties [6]. The relaxometer
signal can be obtained using (1) and the magnetization response of the MNPs [6]. Assuming a homogeneous
z-directed drive field and receive coil sensitivity, the received signal can be written as:
s(t) = (−Br mV βρL̇(βH(t))Ḣ(t)) ∗ r(t),

(2)

where m is the particle magnetic moment, ρ is the iron concentration, V is the total sensing volume, β is a
factor depending on the saturation magnetization of the particles, and H(t) is the drive magnetic field. Dots
over the Langevin function and the drive field refer to the time derivative operation. r(t) is the relaxation term,
which can be modeled by the Debye relaxation process [30].
The PSF of the model based on x-space MPI reconstruction [31] can be analyzed on the time domain
signal using (2) [29]. The received signal s(t) involves a multiplication with the time derivative of the drive
field (which also corresponds to the velocity of the field free point in MPI). To remove this effect, the received
signal should be divided by Ḣ(t) . Since the received signal to noise ratio is degraded around zero crossings of
the velocity, a thresholding operation is performed, and only the portions of the s(t) at which

Ḣ(t)
max(||Ḣ(t)||)

is

greater than a threshold ξ is preserved. Then the remaining signal sections are interpolated on a drive field
grid, and overlapping sections of the drive field cycles are averaged [32]. In the last stage the PSF is normalized,
and the FWHM value is obtained. In this study, we used a threshold of ξ = 0.8. The resultant signal sections
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were interpolated on a –22 mT to 22 mT grid in 0.01 mT steps. It should be noted that we obtained the
native PSF, which involved the effect of nonadiabatic magnetization [30]. The FWHM obtained in mT units
can be translated into spatial FWHM in millimeters simply by dividing the FWHM value into the magnetic
field gradient (in T/m units) of the selection field [33]. For example, a 5 mT FWHM corresponds to 5 mm
spatial FWHM for 1 T/m gradient.

Amplitude (dB)

3. Results
The first six odd harmonic amplitudes for the two types of MNPs are given in Figure 5 as functions of frequency
for different drive field amplitude levels. As a result of the inductive measurement, the received signal amplitudes
increase with frequency. The received signal amplitude also increases with drive field amplitude, as expected.
This increase is more pronounced for higher harmonics as a result of the nonlinear magnetization curve of the
magnetic nanoparticles. The results show that the Synomag-D has a higher first harmonic level compared to
Perimag MNPs. On the other hand, Perimag nanoparticles exhibit higher levels of higher harmonics relative to
the first harmonic.
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Figure 5. Received harmonic levels (dB) of Synomag-D and Perimag nanoparticles as a function of frequency at (a)
3 mT, (b) 5 mT, and (c) 7 mT transmit fields. The measurements are normalized with iron concentration.

The PSF of the MNPs for 5 mT drive field amplitude at 25 kHz frequency are given in Figure 6a in
mT units. The odd harmonic levels normalized to the first harmonic are also given for the same excitation
parameters (Figure 6b). Consistent with the results of the harmonic levels, Perimag MNPs exhibit higher
resolution compared to Synomag-D nanoparticles. The PSF of Perimag MNPs for different peak values of the
triangular pulse (at 25 kHz and 5 mT sinusoidal drive field) are shown in Figure 6c. As can be seen in the
figure, the change in FWHM values is not significant (5.52 ± 0.04 mT), showing that driving the MNPs to full
saturation is not necessary to predict the x-space FWHM.
The effect of number of used harmonics on the FWHM is shown in Figure 7. The results show that
as the number of used harmonics increases, the effect of the DF amplitude on the resolution decreases. For
small DF amplitude levels, the FWHM converges faster to its final value. The results also show that small DF
amplitude levels result in higher resolution compared to large DF amplitude levels, which is consistent with
previous studies [23, 29].
The FWHM values of the MNPs with respect to frequency are given in Figure 8 for different DF amplitude
levels. The first 11 harmonics were included in is calculation. Perimag MNPs exhibit higher resolution compared
to Synomag-D MNPs. The effect of DF amplitude is also more pronounced for Perimag nanoparticles. The
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Figure 6. (a) The PSF of the Perimag and Synomag-D nanoparticles for 5 mT drive field amplitude at 25 kHz. (b)
Normalized odd harmonic levels (dB) of Perimag and Synamag-D nanoparticles for 5 mT peak drive field at 25 kHz. (c)
The PSF of Perimag nanoparticles for different peak applied fields between 20 mT to 35 mT. The drive field frequency
and amplitude are 25 kHz and 5 mT, respectively.
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Figure 7. (a) The effect of number of harmonics used on the FWHM of the PSF for (a) Perimag and (b) Synomag-D
nanoparticles at 25 kHz drive field frequency.

resolution decreases monotonically with frequency after about 15 kHz for Perimag nanoparticles. For SynomagD nanoparticles, the resolution improves up to about 20 kHz frequency, then decreases monotonically.
4. Discussion
The developed relaxometer covers a wide frequency and amplitude parameter range used in MPI, considering
safety limitations. Higher fields are possible with increased transmit power. We have shown that the transmit
signal can be isolated efficiently with the proposed coil arrangement using a simple mechanical construction.
Since the fundamental frequency is retained in the current relaxometer, there is no need to overlap the drive
field cycles for DC recovery [29]. In addition, untuned design allows the use of arbitrary waveforms.
The use of gradiometric coils is a common practice to decrease the direct coupled signal [20–23, 34, 35].
Nevertheless, the decoupling level may not be sufficient enough to decrease the coupled transmit signal below the
nanoparticle response [35]. The reported coupling values for some of the gradiometer designs are between –45
dB and –67 dB [23, 34, 35]. Addition of an active decoupling mechanism was proposed in [35] to further increase
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Figure 8. The FWHM of MNPs as a function of frequency for (a) Perimag and (b) Synomag-D nanoparticles.

the decoupling between transmit and receive coils. Our design achieved a high degree of decoupling down to
−95 dB, thanks to the asymmetrical three-section gradiometer tuning mechanism that decreases sensitivity to
mechanical motion.
The FWHMs calculated using an x-space-based reconstruction scheme suggest that the Perimag nanoparticles exhibit higher resolution compared to the Synomag-D nanoparticles. On the other hand, the signal level
of the Synomag-D nanoparticles normalized by the iron content was higher than that of Perimag nanoparticles.
Consistent with the previous studies, the resolution increased with decreasing DF amplitude and frequency in
general, except for the Synomag-D nanoparticles below 20 kHz DF frequency.
In this study, we also analyzed the FWHM resolution as a function of number of used harmonics, which
may be informative for MPI drive waveform parameter selection. The results showed that for lower DF amplitude
levels, FWHM converges faster in terms of number of harmonics used in the reconstruction. Our results also
imply that if a sufficient number of harmonics is used, high DF amplitudes can result in similar resolution with
low DF amplitudes. This was specifically observed for Synomag-D nanoparticles, suggesting that a high drive
field is advantageous in terms of resolution and SNR. On the other hand, low DF amplitude still resulted in
better resolution for Perimag nanoparticles. In general, drive field amplitude should be optimized for each type
of nanoparticle.

5. Conclusions
We have developed a relaxometer for MNP characterization enabling the use of arbitrary waveforms. The drive
coil has a small inductance so that a matching circuit is not required and wideband operation is possible. The
drive coil and the manually movable section of the gradiometric receive coil has a small mutual inductance. In
this way, the sensitivity to movement is decreased and a high transmit to receive decoupling is provided with
a simple mechanical construction. The relaxometer was used to characterize two types of iron oxide MNPs,
showing its efficiency for arbitrary drive field waveforms.
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